A leaching experiment was conducted to determine the influence of four successive applications of pulp mill sludge on some parameters of an Andisol. Undisturbed soil columns were treated with pulp mill sludge (0 to nitrate leaching was about 1.7 times higher than in the control column, however, this level is still lower than the limit under Chilean regulations. Low ammonium concentrations were observed in leachates as a result of nitrification processes and retention by clay and organic matter in the Andisol. In fractionated soil columns, pH, organic matter, total nitrogen and phosphorus increased as the sludge rate increased, with the highest values found in the upper part of the columns. The concentration of nitrate and ammonium in soil columns followed an inverse pattern: while ammonium concentration was the highest at 0 to 20 cm, nitrate concentration was the lowest in that fraction; sludge addition caused a linear increase in ammonium and nitrate content at the three depths analyzed.
Introduction
The pulp and paper industry has become one of the most important industries in the world. However, this productive activity is directly associated with environmental problem related with wastewater generation, solid wastes including sludge generating from wastewater treatment plants and air emissions (Hossain and Ismail, 2015) . Nowadays, application of industrial residues to soil is increasingly being investigated as an alternative option to chemical fertilizers and as a soil amendment. It may also reduce treatment and disposal costs, enhance soil fertility, improve growth conditions for crops and increase crop yields (Yuan et al., 2011; Gallardo et al., 2012; Masud et al., 2014) .
Chile is the second largest producer of cellulose in
Latin America, with current production of 4.7 million tons per year. The biological wastewater treatment plants of the pulp and paper industry produce large quantities of sludge (0.2-1.2 kg dry matter (DM)/kg biological oxygen demand (BOD) removed), that require disposal. At present, the conventional uses of sludge include industrial use, landfill, combustion and composting for application to farmland (Sánchez et al., 2004) . This sludge generally contains organic substances, such as cellulose, lignin and microorganisms; and inorganic substances, such as nitrogen (N), phosphorus (P), potassium (K), silt, clay, calcium carbonates and metals. Pulp mill sludge improves the physical, chemical and biological properties of soils; its use increases soil pH and organic matter (OM) content, improves soil structure, and consequently increases soil productivity (Aravena et al., 2007; Nunes et al., 2008; Gallardo et al., 2010) . In addition, it facilitates nutrient transport, increases water-holding capacity and serves as a partial replacement for the most expensive chemical fertilizers. Sludge also may improve the cation exchange capacity and microbial activity of soils (Nunes et al., 2008; Gallardo et al., 2012) .
Several researchers have demonstrated the beneficial effect of pulp mill sludge as a soil amendment.
However, little information has been published on the application of pulp mill sludge to volcanic soil, and how soil and groundwater could be affected by repeated applications. The feasibility of applying sewage sludge to soils increases with both the amount of sludge applied and the number of reapplications (Egiarte et al., 2005) . According to Egiarte et al. (2005) , the ability of soil to assimilate N, the cumulative effect of nutrients and contaminants on the soil, the changes in the bioavailability of pollutants with time and the history of previous sludge applications must all be taken into account to ensure that repeated sludge applications are properly managed. On the other hand, Tamir et al. (2013) demonstrated that the addition of organic residues to enhance soil fertility results in N mineralization and transformation, which may have important effects on chemical processes in the amended soils.
In Chile, there are approximately 3.1 million ha of soil derived from volcanic ash (Andisol and Ultisol). Their main characteristics are acid pH, high extractable aluminum (Al) and high P fixation, which increases when the pH decreases (Mora et al., 2005) , affecting soil productivity. In acidic soils moreover, soluble Fe, Al, and Mn are usually present in higher concentrations, and P reacts with these ions to produce insoluble compounds unavailable to plants (Gallardo et al., 1999) . Moreover P availability decreases due to P fixation by hydrous oxides of Fe and Al and also by adsorption. The use of pulp mill sludge may improve the content of available P (Gallardo et al., 2012) , by increasing soil pH and thus reducing Al saturation.
According to Masud et al. (2014) , aluminum toxicity (Gilmour et al., 2003; Ribeiro et al., 2010) . Large amounts of N applied in paper mill sludge could potentially cause NO 3 --N leaching (Feldkinchner et al., 2003) . Therefore, in order to protect soil and humans from pollution, the recommended sludge dose should set so as to avoid excessive leaching of NO 3 --N into groundwater and excessive loading of heavy metals and organic pollutants in soils (Egiarte et al., 2005) . The environmental risks of pulp mill sludge may be estimated by monitoring leaching of certain elements that can contaminate groundwater.
The aim of this work was therefore to evaluate the nutrient supply to soil, potential for NO 3 --N and NH 4 + -N leaching, and P availability with successive applications of pulp mill sludge in increasing doses to an Andisol.
Materials and Methods

Soil and sludge
The sludge used in this assay was obtained from a 
Soil column assay
The leaching assay was carried out using undisturbed soil. PVC cylinders (diameter 14 cm, height 60 cm)
were buried in the soil, using a hydraulic device which pushed the cylinder down by small increments to minimize disturbance to the soil structure inside.
Once the cylinders reached the desired depth (60 cm), they were lifted out of the collection site and taken to the laboratory without disturbing the soil. 
Analyses of soil, sludge and leachates
Soil samples and sludge were analyzed according to Sadzawka et al. (2004) . Organic carbon ( by specific electrode after Kjeldahl distillation, and P was determined by the colorimetric method.
Statistical analysis
All the experiments were carried out in triplicate. The data were statistically analyzed by one-way analysis of variance (ANOVA), where statistical differences were observed, and means were separated using Tukey's minimum significant difference test (p< 0.05).
Results and Discussion
Chemical characteristics of soil and sludge
The principal chemical characteristics of the soil and sludge used in this study are shown in Table 1 . This soil presented typical characteristics of Andisols, with moderate acidity (pH 5.5) resulting in low Al saturation probably due to changes in the equilibrium of neutral species of Al (Al(OH) 3 ) as pH increased. The soil presents basal levels of N, P and K for crop production, therefore, no supplements of these elements were considered in this study. The sludge presented a higher content of OM (68%), macronutrients (N, P, K, Ca and Mg) and micronutrients (Mn, Cu and Zn) than the soil. Conversely, the contents of Fe and Al were lower than in the soil. Considering the properties of the sludge, it was expected that its addition would help to improve soil characteristics and hence fertility.
The application of recycled paper mill sludge with similar values of pH and OM that the sludge used in this study has been associated with substantial benefit such as increases the OM and other essential nutrients, and soils pH neutralization specially in acid soils (Abdullah et al., 2015) . Previous studies done in our research group have shown positive effects on the physical, chemical and biological properties of several Andisols amended with pulp mill sludge (Aravena et al., 2007; Gallardo et al., 2007 and Gallardo et al., 2012) . However, it is important to establish the best sludge-soil dosage in order to minimize the inhibitory effect on mobility of some elements through the soil due to successive applications. 
Analysis of nitrate, ammonium and phosphorus in leachates
The descent of water through soil can result in leaching of N, usually in the form of NO 3 --N. This can have adverse effects on the environment, such as groundwater contamination. However, the use of organic residues in agriculture, with appropriate management, can help to lower NO 3 --N leaching as compared with application of N in mineral form (Carneiro et al., 2012) . We evaluated the effect of successive applications of pulp mill sludge to soil on by free H + release . In our study, Freire soil was not acidified after four successive applications of sludge. On the contrary, a slight increase in pH was observed in the upper soil fractions; the production of H + through
Analyses of soil in fractionated columns
The positive effect of the application of pulp mill sludge to soils increases with the amount of sludge applied , Nunes et al., 2008 Ribeiro et al., 2010; Gallardo et al, 2012) . However, to ensure that repeated sludge applications are managed sustainably, the cumulative effect of nutrients and contaminants on the soil must be taken into account.
In this study, we used an Andisol characterized by high P adsorption capacity, low base saturation percentage, high levels of exchangeable Al, and moderate acidity (Gallardo et al., 1999; Mora et al., 2004) . The P in these soils is usually stored in a non-available form for plants, and P fertilization is required to obtain a higher crop yield . Taking into account the characteristics of the sludge (rich in OM, N and P), it could be an appropriate option for improving the soil characteristics and productivity of Andisols while reducing the use of inorganic fertilizers.
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The OM content was highest at the top of the columns, decreasing as the column depth increased.
However, an increment of OM content in the first fraction of the soil columns (0-20 cm) was observed as the sludge application increased, and significant differences (p<0.05) were found between the control Same letters in the same column indicate no significant difference at p<0.05.
Values are mean ± standard error of the mean (n= 3). (Gallardo et al., 1999) . In general,
there is an inverse relationship between pH and Al saturation as well as between P availability and Al saturation percentage in Andisols (Mora and Demanet, 1999) . Small increments in pH due to the addition of pulp mill sludge to Andisols cause important reductions in the Al saturation percentage . On the other hand, Nunes et al. (2008) reported that the addition of secondary paper mill sludge produced a linear increase in available P in the soils used in their study. The reduced P adsorption and increased P availability following applications of organic residues to soil can be a consequence of several mechanisms: release of inorganic P from decaying residues, blockage of P adsorption sites by organic molecules released from the residues, a rise in soil pH during decomposition and the complexation of soluble Al and Fe by organic molecules (Haynes and Mokolobate, 2001; Pypers et al., 2005) .
The NO 3 --N content in fractionated soil columns increased with the increasing dose of sludge. The NO 3 --N content also increased with the soil depth (Table 2 ). In general, the NO in sites in which no sludge had previously been applied (Burton et al., 1990; Mitchell et al., 2000) .
The concentration of NH 4 +-N was highest in the upper part of the soil columns and lowest at the bottom, and increased as the sludge application rates rose in each column profile (Table 2 ). An accumulation of NH applications on N processes (Burton et al., 1990) .
The concentrations of NO 3 --N and NH 4 + -N in soil columns in the same fraction followed an inverse pattern (Table 2) (Figures 4a and b) .
Conclusions
The results of this study indicated that repeated applications of pulp mill sludge to Andisol soil contributes to an increase in NO 
